To assist validation of numerical simulations of urban pollution, air quality in a street canyon was investigated using a wind tunnel as a research tool under neutral atmospheric conditions. We used tracer gas techniques from a line source without buoyancy. Ethylene (C 2 H 4 ) was used as the tracer gas. The street canyon model was formed of six parallel building rows of the same length. The flow and dispersion field was analyzed and measured using a hot-wire anemometer with split fiber probe and fast flame ionization detector. The diffusion flow field in the boundary layer within the street canyon was examined at different locations, with varying building orientations (y ¼ 901, 112.51, 1351 and 157.51) and street canyon aspect ratios (W/H ¼ 1/2, 3/4 and 1) downwind of the leeward side of the street canyon model. Results show that velocity increases with aspect ratio, and with y4901. Pollutant concentration increases as aspect ratio decreases. This concentration decreases exponentially in the vertical direction, and decreases as y increases from 901. Measured pollutant concentration distributions indicate that variability of building orientation and aspect ratio in the street canyon are important for estimating air quality in the canyon. The data presented here can be used as a comprehensive database for validation of numerical models.
INTRODUCTION
Pollutant dispersion in urban street canyons is of great importance, given its direct implications on the health of human beings living in the urban environment. An urban street canyon is the space surrounded by a city street and flanking buildings. 1 Pollutants emitted into a street canyon tend to disperse less than those emitted in an open area. Therefore, air quality becomes a serious problem in most large cities, especially because of motor vehicle emissions. To understand pollutant dispersion in urban street canyons and to help urban planners consider urban geometry and wind direction for optimal dispersion, investigation of street canyon flows is a first essential step.
Several experimental simulation studies in wind tunnels have been conducted to investigate flow and pollutant dispersion in street canyons.
2--9 Hoydysh and Dabberdt 10 and Hoydysh et al. 11 performed wind tunnel experiments for a grid of orthogonal streets, measuring concentrations of a tracer gas at intersections. These studies demonstrated that concentrations varied significantly at these intersections, with maximum values consistently at street corners. They also showed that street aspect ratio strongly influenced conditions at an intersection. Meroney et al. 12 studied line source characteristics at various street canyon widths. Pavageau and Schatzmann 13 examined pollutant concentration distribution in a street canyon within a wind tunnel with urban roughness. Kastner--Klein and Plate 14 investigated the influence of roof shape on pollutant distribution in the canyon. Gerdes and Olivari 15 also investigated pollutant contamination of an urban street in a wind tunnel. They studied the effects of the following parameters ---landscape upstream of the canyon, ratio between heights of upstream and downstream canyon walls, and spacing between canyon walls. There have been several recent studies of pollutant dispersion in urban streets, using wind tunnel experiments. Robins et al. 16 performed wind tunnel experiments to study pollutant dispersal at an urban street intersection. Their results showed that flow was very sensitive to wind direction relative to the intersection, such that even small configuration asymmetries could generate very different dispersion patterns. Park et al. 17 characterized dispersion of vehicle emissions via wind tunnel tests. The aspect ratio of a street canyon (that is, ratio of street width and average height of buildings) and direction of external wind are the major test parameters. Ahmed et al. 18 extensively reviewed the various wind tunnel studies of pollutant dispersion at urban street canyons and intersections. Simoens et al. 19, 20 measured scalar dispersion of smoke released from a two-dimensional slot in a wall perpendicular to boundary layer flow and situated parallel to and midway between two square obstacles placed on the wall. Gromke and Ruck 21, 22 carried out wind tunnel studies of the impact of avenuelike tree planting on flow fields and dispersion of traffic exhaust within urban street canyons.
The aim of the present work is to explore the effect of building orientation and aspect ratio on wind flow and dispersion of vehicle emission in a street canyon, through wind tunnel experiments. For this purpose, we analyzed mean flow, turbulence, and mean pollutant concentration fields at different locations in the street canyon center, under various aspect ratio configurations of the canyon, W/H, and building orientation. To do this, we considered three-dimensional models of the urban street canyon and gaseous pollutants emitted from vehicle exhaust. The experimental data obtained would be useful as a validation data set for various numerical models, such as those of dispersion modeling and computational fluid dynamics.
METHODS

Wind Tunnel Experiments
Diffusion experiments were performed in the boundary layer wind tunnel at Tokyo Polytechnic University, Japan, under neutral atmospheric conditions. A schematic diagram of the wind tunnel experiment is given in Figure 1 . The tunnel has an open circuit facility. The test section is 1.2 m wide, 1 m high, and is covered by an adjustable ceiling permitting compensation of pressure loss in the direction of the stream. The upwind fetch is 14 m. A free stream velocity of U N ¼ 5 m/s was used. A simulated atmospheric boundary layer with normal depth d ¼ 600 mm was generated using a combination of barrier wall, elliptic vortex generators at the test section entry, and roughness elements randomly distributed on the floor after the contract section. The incoming velocity profile in the boundary layer has a power law where U H is the velocity at height Z H , and Z is the height above the ground. The power number n in an urban area was given a value ¼ 0.28. However, there could be a range of other possible values for n. For further detail on such typical values of power law exponent for different terrain types, see Snyder. 23 The resulting Reynolds number R e is
where U N is the free steam velocity, d is boundary layer thickness, and n is the kinematic viscosity. In the approaching flow, R e was B2.1 Â 10 6 . This is above the threshold (4 Â 10 3 ) Reynolds number independent of dynamic similarity for flow around a cube model. 24 The R e based on building height was R e ¼ 1.6 Â 10 5 , which is well above the critical Reynolds number of 3.24 Â 10 4 established by Thompson (1993) 25 for Reynolds number independent of the flow past a rectangular structure. Therefore, the Reynolds number indicated by the current experiment was sufficiently large. Figure 2 shows the simulated turbulent boundary layer in the atmospheric boundary layer wind tunnel, under neutral atmospheric conditions at x ¼ 0.0 (center of turntable).
Street Canyon Model
The urban street canyon model used in the wind tunnel experiments is shown in Figure 3 . The modeled street canyon consists of six idealized, long streets. These were aligned perpendicular to the prevailing flow direction in the working test section, forming the street canyons. The leeward canyons serve to fully develop inflow turbulence before it reaches the target canyon. All idealized street canyons had the following values for the buildings: height H ¼ 74 mm, length L ¼ 1000 mm, and width B ¼ 95 mm. W is street width. The scale of the street canyon model was taken as 1:400 of full-scale construction, corresponding to street height 29.6 m, street length 400 m, and building width 38 m at the full scale. The coordinate system has its origin at the center of the bottom of the building leeward side, with Â positive in the downwind direction and z positive upwards. All distances were scaled by the building height. Street widths varied with street aspect ratio; W/H was 1/2, 3/4, and 1. Four building orientations, y ¼ 901 (orientation perpendicular to wind direction), 112.51, 1351, and 157.51, were examined for the three street aspect ratios.
Measurement Techniques Flow measurements. Flow structure was measured using a hot-wire anemometer with split fiber probe (55R55 straight probe), which had sensors perpendicular to the probe axis, and was set with the plane of split normal to the free stream. This was thereby able to detect reversals of local flow direction. The split fiber probe was oriented to measure longitudinal and vertical components (u, the x-component of velocity, and w, its zcomponent) and longitudinal and lateral components (u, the x-component of velocity, and v, its y-component) of velocity, beginning at 5 mm above the wind tunnel floor. Split fiber probes have been used for examining the structure of a turbulent separation bubble, as reported by Kiya and Saski. 26 Calibration procedures of split fiber probes for airflow have been described by Boerner and Leutheusser 27 and others. Rotation speed of the wind tunnel fan was kept constant during the experiment, to achieve a steady free stream velocity of about 5 m/s. This was monitored with a pitot tube and single hot wire. Both were positioned at the wind tunnel centerline, 50 cm above the floor, and a few centimeters leeward of the leading edge of the leeward urban fetch. During measurements, signals from the pitot tube and hot wire were digitally recorded for 60 s on a desktop PC.
Concentration measurements.
A line source was used to simulate vehicle emissions along the centerline of the street canyon model. The length (L Q ) was 1000 mm and width 4 mm. The line source consisting of 360 point sources was centered in the test canyon at street level. Vehicle emissions were modeled using a low vertical momentum source, as these emissions are usually directed horizontally. 28 To achieve uniform tracer gas generation, a porous metal filter was attached. Each pore had a diameter of 0.1 mm.
Neutral buoyant ethylene C 2 H 4 was used as the tracer gas. The line source strength was monitored and controlled by Vol-U-Meter Automatic Gas Flow. The tracer gas was emitted from double-line sources collocated with the traffic lines. Tracer concentration was detected with a highresponse flame ionization detector. Each measurement was made for 90 s and produced an average value. The background was also recorded. The difference between the local and background reading was taken as the final concentration measurement. Concentration and wind speed were measured simultaneously. Emission velocity from the line source was 10% of free stream velocity at the building height U H . Therefore, the effluent velocity of the pollutant was assumed negligible. As the density of C 2 H 4 gas is almost the same as that of air, the pollutant gas density can be assumed to have the same density at the height of the pollutant effluent in the boundary layer.
In studying the concentration behavior, the general non-dimensional concentration K is taken as the ratio of actual concentration C at any point in the wind tunnel field to a reference concentration C m :
where H is the height of the street canyon, L Q is the source length, U H is the free-stream wind approach velocity at the height of the street canyon, and Q is the tracer emission rate.
RESULTS AND DISCUSSION
To evaluate the effects of building orientation and aspect ratio on the flow and pollutant dispersion characteristics in the street canyon, we studied the wind tunnel experiments using twelve street configurations under neutral atmospheric conditions. Measurements were made in the street canyon center, at four different locations ---on the leeward side at X/W ¼ 0.3, middle region at X/W ¼ 0.4 and 0.6, and windward side at X/W ¼ 0.7 ( Figure 4 ). Flow and pollutant measurements in the turbulent boundary layer were made at various heights in the canyon, beginning at 5 mm above the ground of the wind tunnel.
Wind Flow Characteristics
The wind tunnel test was conducted by simulating windflow in the street canyon. Building orientation and aspect ratio were test parameters that determined characteristics of this windflow, including mean velocity, turbulent intensity, turbulent kinetic energy (TKE), and Reynolds stress.
Mean flow. The mean velocity components were normalized by the mean velocity (U H ) obtained, which is the approaching wind velocity at building height H in the boundary layer. Figures 5--8 show vertical profiles of normalized longitudinal velocities in the street canyon with the four building orientations---on the leeward side at X/W ¼ 0.3, middle region at X/W ¼ 0.4 and 0.6, and windward side at X/W ¼ 0.7. Velocity increased up to the canyon roof, and decreased down to the ground surface. The velocity increase at the roof level was from the flow shear. This shear may cause some sheltering effect on vertical turbulent transport across the canyon top, thereby suppressing pollutant removal from the canyon. 29 The profiles of longitudinal velocity that increased were directed upward starting from the half-height Z/H40.5. The maximum longitudinal velocity was observed at the canyon roof in the middle region (X/W ¼ 0.4 and 0.6) of the street, with aspect ratio W/H ¼ 1.0 and y ¼ 112.51 (Figures 6b and c) , because this is near the free surface layer. On the other hand, the longitudinal velocity decreased downward starting from the half-height, Z/Ho0.5 to the ground surface. It reached a minimum in the middle region of the street at X/W ¼ 0.4, with aspect ratio W/H ¼ 1.0 and y ¼ 1351 (Figure 7b ), because of a steep gradient of longitudinal turbulence intensity near the ground. Near the ground, a higher longitudinal velocity was observed in the middle region at X/W ¼ 0.4 and 0.6, with aspect ratio W/H ¼ 1.0 and building orientation y ¼ 112.51 (Figures 6b and c) .
A lower longitudinal velocity was observed in the middle region at X/W ¼ 0.4 and 0.6, with aspect ratio W/H ¼ 1.0 and y ¼ 1351 30 and Li et al. 29 On the leeward side, negative velocity was observed with aspect ratios W/H ¼ 0.75 and 1.0 and y ¼ 112.51, 1351, and 157.51 (Figures 6a--d, 7a--d, and  8a--d) . This is because the interior canyon vortex is clockwise. Negative velocity was observed in the middle region at X/W ¼ 0.4 and 0.6, with all aspect ratios W/H and all building orientations. Negative velocity means that air motion associated with vortexlike motion effectively transports the emitted tracer toward the leeward side of the street canyon. This produces enhanced concentration values near this side. Higher negative velocity was found in the middle region at X/W ¼ 0.4 and 0.6. Longitudinal velocities at 0oZ/Ho0.5 and 0.75oZ/Ho1 showed some similarities for y ¼ 901 (Figures 6a--d) , except on the leeward side. The longitudinal velocity was altered, decreasing from the canyon roof downward, and increasing downward near the ground surface. Turbulent kinetic energy. TKE is one of the more important variables in the atmospheric boundary layer. TKE is the mean kinetic energy per unit mass associated with eddies in turbulent flow. Physically, TKE is characterized by fluctuations of longitudinal, lateral, and vertical components. It can generally be quantified by the mean of turbulence normal stresses. 19, 31, 32 
TKE is therefore greatly influenced by the entire diffusion flow field. Figures 9--12 show TKE in the street canyon at different locations. The turbulent energy over the cavity region Z/H40.75 gradually increased upwards, reaching a maximum near the canyon roof with aspect ratio W/H ¼ 1.0 and y ¼ 901 (Figures 9a--d ). This is due to an intense shear layer at the canyon roof, where kinetic energy of the mean flow is converted into TKE (shear production of TKE). Moreover, turbulent energy appeared roughly constant in the cavity region. The turbulent energy observed was roughly similar in the middle region at X/W ¼ 0.4 and 0.6 for y ¼ 901 and 112.51 (Figures 9b, c and 10b, c) . The minimum value of the turbulent energy was found on the leeward side with aspect ratio W/H ¼ 0.3 and y ¼ 112.51 (Figure 10a) . The turbulent energy with aspect ratio W/H ¼ 1.0 was observed to be mostly higher than that with aspect ratios W/H ¼ 0.75 and 0.5. Turbulent energy was found to be higher with an increase in y from 901 (Figures 9a--d) . The results show that turbulent energy increases with aspect ratio, and with y4901.
Reynolds stress. One of the most interesting findings from a modeling viewpoint was the behavior of Reynolds stress. Figures  13--16 show this behavior at different street canyon locations. Over the canyon roof there was significant shear near the roof, causing a large increase in turbulent stresses. There was a strong gradient of turbulent stress near the roof. A higher Reynolds stress was observed at the canyon roof and diffused downward with development of the shear layer associated with flow separation from the windward region. Reynolds stress maximized in the middle region at X/W ¼ 0.4 and 0.6, with aspect ratio W/H ¼ 1.0 and y ¼ 901 (Figures 13b--c) . Reynolds stress in the cavity region mostly declined to much smaller values at the ground surface, and showed important negative perturbations (Figures 14a--d, 15a--d,  and 16a--d) . This negative stress is caused by transport of low momentum fluid from height Z/Ho0.3, and high momentum fluid from height Z/H40.75 by the primary vortex. Reynolds stress showed strong negative peaks with aspect ratio W/H ¼ 1.0 in the middle region at X/W ¼ 0.4 near the ground surface, and y ¼ 112.51 (Figure 14b ). This was due to a large vertical velocity gradient near the ground surface. High Reynolds stress variations were found for y ¼ 112.51 (Figures 14b--d) . However, there was small variation on the leeward side for y ¼ 901 (Figures 13a--d) because of the lowest values of longitudinal and vertical velocity.
Pollutant Dispersion Characteristics
Pollutant dispersion is also significantly affected by variability of aspect ratio and building orientation. Simulation of pollutant dispersion in the street canyon was conducted in the wind tunnel experiment. Building orientation and aspect ratio were test parameters for characterizing in-canyon pollutant dispersion. Their variability produced different wind vortex structures in the street canyon, which changed the dispersion characteristics. Pollutant dispersion characteristics included were mean concentration and its fluctuation intensity.
Mean concentration. Pollutant dispersion in the street canyon was governed by wind flow characteristics in the canyon, with pollutants recirculating in the vortex formed there. Figures  17--19 show contours of normalized mean concentration in the street canyon with the three street aspect ratios W/H. These figures show that pollutants were transported to the upwind side from the line source, and were further dispersed in the street canyon. Pollutant concentration on the upwind side was higher than that at the downwind side of buildings in the lower region of the street canyon (Figures 18a--d and 19a--d) , consistent with Park et al. 17 This is because horizontal velocity in the lower street canyon region was negative, where the vortex was clockwise. Pollutant dispersion was only removed vertically from the street canyons to the free surface layer by the vertical mean flux and vertical turbulent flux. Pollutant concentration on the upwind side with aspect ratios W/H ¼ 0.75 and 1.0 (Figures 17a--d and 19a--d) was higher than that with aspect ratios W/H ¼ 0.5 ( Figures  17a--d) , because the main vortex was distorted along the street roof. Pollutant concentration increased from top to bottom with aspect ratios W/H ¼ 0.75 and 1.0 (Figures 18a--d) , and the highest concentration was at the corner of the down leeward building side. The highest concentration was found at the corner of the down windward building side, with aspect ratio W/H ¼ 0.5 and y ¼ 901 (Figure 17a) . The lowest pollutant concentration appeared at the corner of the down leeward building side with aspect ratios W/H ¼ 0.75 and 1.0 (Figures 18a--d  and 19a--d) .
Vertical profiles of normalized mean concentration were measured in neutral atmospheric conditions at different locations in the street canyon for the four building orientations (Figures 20--23) . Pollutant concentration on the leeward side was higher than that on the windward side. This is because longitudinal velocity was smaller on the former side. Concentration in the street canyon increased toward the ground surface and decreased upward to the canyon roof. The concentration with aspect ratio W/H ¼ 0.5 was greater than that with aspect ratios W/H ¼ 0.75 and 1.0, because of weaker vertical velocity. Concentration decreased with downwind distance for aspect ratios W/H ¼ 0.75 and 1.0 in the middle region at X/W ¼ 0.4 and 0.6. The plume spread very slowly on the leeward side. A clockwise vortex was generated in the street canyon, because longitudinal velocity near the ground surface was negative. Therefore, the pollutants discharged from the line source were transported by the clockwise vortex via the negative longitudinal velocity to the leeward side, generating maximum concentrations at lower locations on this side. Then, the lower clockwise vortex carried the pollutants to the windward side, resulting in pollutant accumulation at lower locations on this side. As the lower clockwise vortex was very weak, it was difficult to flush pollutants out of the street canyon. These results confirm those of Huang et al. 33 On the other hand, they clearly show that pollutants disperse toward the windward side when longitudinal velocity is positive. The maximum concentration with aspect ratio W/H ¼ 0.5 and y ¼ 901 was in the middle region at X/ W ¼ 0.4 and 0.6 and on the windward side, because of reduced turbulent energy in that region (Figures 20b and c) . The minimum pollutant concentration with aspect ratio W/H ¼ 1.0 and y ¼ 1351 and 157.51 (Figures 22a--d and 23a--d) was on the windward side, owing to greater turbulent energy there. Pollutant concentration in the cavity region was higher for y ¼ 901 (Figures 20a--d) than that for other wind directions. Concentration was not much different on the leeward side, except near the ground surface. These results show that concentration increases as aspect ratio decreases, and it decreases exponentially in the vertical direction. Concentration decreases as y increases from 901, confirming the results obtained using a wind tunnel (for example, Hoydysh and Dabberdt 7 ).
Concentration fluctuation intensity.
The parameter most frequently used to characterize concentration fluctuations is the fluctuation intensity
where s x is concentration SD, X i denotes instantaneous concentration, and n is a series time. (Figures 24b and c) . This is because plume spread on the leeward side is so narrow that only very small eddies can be generated in the plume spread fluctuations. Concentration fluctuation intensities on the leeward side were o0.6 for all aspect ratios and building orientations, except for aspect ratio W/H ¼ 0.5 and y ¼ 901 (Figures 24a--d) . The intensity reached a maximum with aspect ratio W/H ¼ 0.5 and y ¼ 901 near the ground surface on the windward side, due to the highest mean concentration (Figures 24a--d) . The intensity decreased rapidly at 04Z/Ho0.5, and was roughly constant at 0.5oZ/Ho1. Lower intensities were observed on the windward side with aspect ratio W/H ¼ 1.0 and y ¼ 112.51 and 1351 ( Figures  25a--d and 26a--d) , because of the lower mean concentration. Intensities for y ¼ 157.51 (Figures 27a--d) were lower than those for 
CONCLUSION
The effect of variability in building orientation and aspect ratio on flow and pollutant dispersion in a street canyon was studied using a wind tunnel. It was shown that both building orientation and aspect ratio had a strong influence on wind flow and pollutant behavior. The results show that velocity increases with aspect ratio, and with y4901. Lower longitudinal velocity was observed in the middle region with aspect ratio W/H ¼ 1.0 and y ¼ 1351. The lowest velocity was near the ground surface with aspect ratio W/ H ¼ 0.5 and y ¼ 901. A greater negative velocity was found in the middle region of the street canyon. Turbulent energy increases with aspect ratio, and with y4901. Pollutant concentration increases as aspect ratio decreases, and decreases with y4901. 
